The recent determination and annotation of the entire euchromatic sequence of the Drosophila melanogaster genome predicted the existence of about 13 600 different genes (Science 287 (2000) 2185; http://www.fruitfly.org/annot/index.html). In parallel, the Berkeley Drosophila Genome Project (BDGP) has undertaken systematic P-insertion screens, to isolate new lethals and misexpressing lines. To date, however, the genes of the X chromosome have been under-represented in the screens performed. In order both to characterize several Xlinked genes of prime interest to our laboratories and contribute to the collection of lethal P-insertions available to the community, we performed a P-insertion mutagenesis of the X chromosome. Using the PlacW and PGawB P-elements as mutagens, we generated two complementary sets of enhancer-trap lines, l(1) T PL and l(1) T PG, respectively, which both contain a reporter gene whose developmental expression can be monitored when driven by nearby enhancer sequences. We report here the characterization of 260 new insertions, mapping to 133 different genes or predicted CGs. Of these, 83 correspond to genes for which no lethal mutation had yet been reported. For 64 of those, we could confirm that lethality was solely due to the P-element insertion. The primary molecular data, reporter gene expression patterns (observed in embryos, third instar larvae and adult ovaries) and proposed CG assignment for each strain can be accessed and updated on our website at the following address: http://www-cbd.ups-tlse.fr:8080/screen. q
The exploding field of genome sequencing identifies new genes at an unprecedented pace, as compared to other methods. The recent determination of the entire euchromatic sequence of the Drosophila melanogaster genome predicted the existence of about 13 600 different genes (Adams et al., 2000) , including an estimated 3600 vital loci (Miklos and Rubin, 1996) . By comparison, only about 2500 different genes, representing the outcome of a century of genetic analyses, were molecularly characterized by the research community prior to the genome sequencing project. Classification of predicted Drosophila proteins into large families, according to conservation of structural motifs (based on Interpro: http://www.ebi.ac.uk/interpro/) has been included in the annotated Drosophila genome . With the availability of loss-of-function and gain-of-function approaches to study developmental gene function (Rorth et al., 1998) , the annotated genome sequence of D. melanogaster has become a sophisticated tool for functional and evolutionary comparative studies (Rubin and Lewis, 2000) . Pelement strains that each mutate a unique open reading frame (ORF) already collected from the Berkeley Drosophila Genome Project (BDGP; http://www.fruitfly.org/; Spradling et al., 1999) , and previous mutageneses carried out in several laboratories, account for about 1200 single-gene disruptions. Yet, these insertional mutageneses have mainly targeted the autosomes, such that the genes of the X chromosome (about one-sixth of the total gene number) are on the whole underrepresented in the current P-lethal insertion collections. Our laboratories became interested in X-linked genes for which no tagged mutations were available (Gonzy-Treboul et al., 1995; Glise et al., 1995; Mevel-Ninio et al., 1995) . In order to genetically characterize these genes, identify novel genes functionally related to them, and contribute to the collection of lethal P-insertions available to the community, we undertook a P-insertion mutagenesis of the X chromosome. The employed mutagenic transposons, PlacW (Bier et al., 1989) and PGawB (Brand and Perrimon, 1993) , both contain a reporter gene whose developmental expression can be driven by nearby enhancer sequences. Taking advantage of the annotated genome sequence (http://www.fruitfly.org/annot/ index.html), we localized each of 260 insertions generated in our screen on the chromosome by identifying P-adjacent sequences. We report here their association with known genes or predicted CGs on the basis of genomic sequence and expression data (ESTs). Among 133 different targeted genes (as defined by a CG number), 83 represented genes for which no lethal mutation was known. P-element excision experiments confirmed that the P-insertion was directly responsible for the lethality in 64 out of 80 cases tested, revealing many new X-linked essential genes, and suggesting that by and large, at least 80% of the mutant strains isolated in our screen are linked to the mapped P-insertion. When possible, we indicate the predicted function of novel essential genes identified in our screen, on the basis of their structure and/or previous classification by Goldstein and Gunawardena (2000) , Lasko (2000) and Mount and Salz (2000) .
To gain further insight into the potential developmental roles of genes represented in our l(1) T collection, the reporter gene expression pattern was examined in embryos and ovaries for all mutant strains. Third instar larval tissues were also examined in most strains. These expression patterns are summarized in a table using a simple keyword nomenclature and made available for browsing at the following internet address: http://www-cbd.ups-tlse.fr:8080/screen.
Results

Establishment of a collection of lethal P-element insertions on the X-chromosome
A total of 279 independent insertions on the X-chromosome were characterized, as described in Fig. 1 . For the sake of specificity and versatility, two different enhancer-trap starting elements were used, PlacW and PGawB. A minority of the ,45 000 individual crosses set up for Cross 1 were unproductive (16% for PL and 6% for PG lines). Of the remaining dysgenic crosses, the selection Cross 2 led to the recovery of 110 l(1) T PL (out of 4660 crosses) and 169 l(1) T PG lethals (out of 7450 crosses). Thus, similar frequencies of one lethal PL insertion per 42 female candidates and one lethal PG insertion per 44 female candidates were observed. A strong bias against the identification of viable X-linked mutations displaying morphological defects was present in this screen, since the Cross 2 progeny were initially screened visually in their vials. Among the putative lethal lines isolated, several were subsequently lost because of poor female fertility. The l(1) T collection currently contains 260 independent lines.
Characterizing insertions using flanking DNA sequences
The total number of different known or predicted (CG) genes for which we obtained at least one insertion is 133. We recovered a single insertion in 75 CGs (32 PL and 43 PG); two independent insertions in 33 CGs; three in 13; and from four to 13 (in the inx2 locus) in 12 others (Table 1 and Fig. 1A) . Based on the non-recovery of viable males following re-mobilization of the P-element, we suspect that lethality in a small proportion of mutant lines may not be due to the P-insertion but due to mutations elsewhere on the chromosome. Among the 133 loci (P insertion/CG) represented in our l(1) T collection, 83 of them (60%) correspond to CGs for which there were no known pre-existing mutations (GadFly releases 1 and 2, October 2000). This last number may nevertheless be overestimated, due to the average delay between characterization of new mutants and their publication. While in most cases the link between a P-insertion position and a gene appeared straightforward based on available genome annotation, this was not true for all l(1) T strains. In difficult cases, such as the genes perlecan, and CG9650, for which we obtained several independent insertions, we undertook a detailed reappraisal of the genomic region and available EST information. This led us to modify the previously proposed structure of these genes (Fig. 1B) . Similarly, we noticed that the putative Drosophila orthologs of midnolin (l(1) T PL77) and lecithin-retinol acetyltransferase (l(1) T )PG19, 41, 102) were each previously described as two separate CGs, CG9725 1 9732 and CG11595 1 12482, respectively (Table 1) . Finally, in the following cases (l(1) T PL25, 49, 60#1, 81, 109, PG21, 76, 80, 112, 133, 150, 166) , we were unable to identify with confidence the mutated CG, solely based on the genome annotation. The nearest CG and putative ORF to insertions l(1) T PL30, 64, 65#1 and PG42, 99, 136, 157, 164 is rutabaga (rut). Based on existing data, however, (Levin et al., 1992) , we suspect that these insertions do not affect rut but rather another gene which remains to be identified.
Embryonic lethals displaying cuticular defects
Very few systematic large-scale mutagenesis screens have been conducted on the X-chromosome. In their pioneering EMS screen for mutations affecting the pattern of the larval cuticle, Wieschaus et al. (1984) reported that about 20% of lethal point mutations caused death during embryogenesis; of these, only one-sixth, or 3%, of the total lethals were associated with visible defects in the final cuticle pattern. About 20 of those loci correspond to key developmental genes, most of which have now been characterized at the molecular level. From our P-element screen, we recovered mutations in about half of these patterning genes, including armadillo (arm) ( Fig. 2A) , cut (ct), giant (gt), hindsight (hnt), lethal-myospheroid (mys), Notch (N), shavenbaby (svb) and short gastrulation (sog). We also recovered three independent mutations in brinker, which encodes a transcriptional repressor involved in regulating the transcriptional response to the morphogen Decapentaplegic (Jazwinska et al., 1999) . Few other loci caused recognizable cuticular defects when mutated. Mutations in CG1521, which encodes a potential membrane-associated divalent cation transporter, result in embryonic death before the cuticle is completely deposited with melanotic depots specifically found in the salivary glands and dorsal branches of the tracheae ( Fig. 2A) . A mutation in CG12235 (Arp11), which encodes an actin-binding component of the Arp2/3 protein complex, results in a poorly differentiated cuticle. Mutations in CG12701, encoding a C 2 H 2 zinc finger protein, show specific head defects.
New mutants in genes encoding nuclear components
Among those genes for which no mutants have been previously reported, we recovered insertions in various types of transcription factors. These include C 2 H 2 zinc finger proteins (CG9650, 12701), the Myc/Mad/Mnt related b-HLH protein D-Mnt (CG2856; Peyrefitte et al., 2001 ), a new Rel-domain containing protein (CG11172), an orphan nuclear receptor related to Ftz-F1 (CG16902), and Smr, a co-repressor of the Ecdysone receptor. We also recovered mutations in genes encoding a putative nuclear transport factor related to the human placental protein NTF-2 Fig. 1. (A) Frequency distribution of the 260 single P-element lethal insertions on the X-chromosome generated in our screen. The genes or CGs for which we recovered five or more independent insertions are indicated. (B) Revised exon-intron structures of the perlecan/CG7981 and CG9650 loci indicating the positions of the l(1) T insertions (black arrowheads). The white arrowhead indicates an EP insertion (EP1160) from the BDGP collection. Filled boxes represent the protein-coding regions, based on the positions of predicted translational initiator and stop codons. Exon numbers are indicated. The position of the first two, not previously recognized, exons of pcan were deduced both from the identification of two consensus donor splice sites (tgcaGTGAGT and ggtgGTAAGT) and a canonical translation initiator ATG, and the structure of ESTs GM10545, GM01493 and GM02428 whose 3 0 ends correspond to an internal polyA sequence.
Note that a putative signal peptide (MGRRLRAAFWLLAVLIVIE) is predicted, when using the SignalP software (http://www.cbs.dtu.dk/services/SignalP). The revised structure of CG9650 was deduced from comparison of the genomic sequence and the available EST LD11946 whose 5 0 -untranslated sequences is split by an intron 24 617 bp long. Predicted introns not included in the annotated genome sequence release 2, are boxed. 
New mutants in genes encoding cytoskeletal components
The Drosophila genome sequence has been systematically surveyed for its repertoire of different types of proteins, including cytoskeletal components (Goldstein and Gunawardena, 2000) . Because of our specific interest in changes in epithelial cell morphology occurring during embryonic development (Glise et al, 1995; Vincent et al., 1997; Payre et al., 1999) , we examined in detail the number and type of cytoskeletal components for which we obtained lethal insertions. Goldstein and Gunawardena (2000) listed 42 different CGs encoding putative cytoskeletal components. Our screen produced mutations in 11 of these, among them one new mutant each in the genes encoding the Dynein light chain 2 (Dl1C2, CG1938), Actin related protein 11 (Arp11, CG12235), moesin (moe, CG10701), microbule-associated protein Dgrip84 (CG3917) and possibly kataninP80 homolog (CG9910). We also recovered mutants in additional putative cytoskeletal components or cell-adhesion molecules corresponding to CG3599 (GPIlinked vanin) and CG8497 (Rhophilin, a PDZ domain Rho binding protein).
Patterns of reporter gene expression
Many of the lethal P-insertions were located immediately upstream of predicted transcription units or within mRNA 5 0 UTRs. About half of these mutations were associated with an expression of the reporter gene pattern in ovaries, embryos, third instar larval tissues, or a combination. To a Strains from the primary l(1) T collection of lethal P-element insertions are listed according to their estimated physical order (cytology) along the first chromosome. The table gives the following information: cytogenetic location (based on the Gadfly annotation), number (PLxx or PGxx) of the mutant strain(s), CG number, disrupted gene (italics) and/or proposed biochemical function, and name(s) of known structural homologs in other eucaryotes. CGs for which no mutation has yet been reported in Flybase (http://flybase.bio.indiana.edu/.bin/fbidq.html) are indicated by an asterisk in the CG column. Underlined CG numbers indicate those for which we propose a revised structure (see main text and Fig.1B ; bourbon@cict.fr). For a fraction of strains, we verified that recessive lethality was attributable to the P-insertion (see Section 3); these are indicated by asterisks in the l(1) T column. Conversely, this could not be verified for lines indicated in italics. The numbers in bold indicate mutant strains presently studied in our laboratories. l(1) T strain numbers in parentheses indicate insertions at the same nucleotide position than the preceding strain. describe these expression patterns, we adopted the simplified nomenclature described in the legend of Table 2 . All corresponding pictures are displayed in our website. Fig. 2 shows selected patterns. The l(1) T PL105 insertion maps close to CG5530, a gene previously identified as a target of twist in the mesoderm of early embryos (Casal and Leptin, 1996) . Whereas we could not detect expression in embryos, lacZ expression was observed in ovaries, specifically in follicle cells at an antero-dorsal position, between stages 10 and 14 ( Fig. 2B and Table 2 ). The l(1) T PG31 is an insertion in the troponin I (WupA) gene, one of several strains which allow to follow the formation of the embryonic somatic musculature (Fig. 2C and Table 2 ).
During the course of this screen, we employed two distinct and a priori interchangeable transposons as mutagenic elements. We have nonetheless noted certain differences between the PL and PG elements, which we list here. First, significant differences in insertion site selection by the transposase as a function of the element employed may exist. This was most notable for the inx2 locus, where we obtained a single PL insertion (1/110) but 12 PG insertions (12/169). Second, a much stronger embryonic expression of lacZ was observed in l(1) T PG strains crossed to UAS-lacZ than in l(1) T PL strains, but this expression was temporally delayed. Two drawbacks specific to the l(1) T PG lines deserve to be noted: (i) a background expression in embryonic salivary glands from stages 12 to 16 and (ii) a mosaic expression in many tissues, especially in ovarian tissues. Nevertheless, our mutagenesis screen yielded Gal4-expressing lines with very specific expression which can be used to eye-antennal disc; lacZ expression from this insertion in the cut locus is primarily detected in the ring of antennal segment A2. Low-level expression is also detected in the posterior eye. Right: l(1) T PG130 wing disc; lacZ expression is restricted to the dorsal cells. In all panels, the identity of each mutant is indicated by the number of the l(1) T line and the gene designation, when this information is known. trace a variety of cell lineages and modify their program of gene expression, including in imaginal discs, as illustrated in Fig. 2D . l(1) T PG142 is an insertion in the cut (ct) gene which encodes a homeodomain transcription factor (Wieschaus et al., 1984; Blochlinger et al., 1988) . Strong l(1) T PG130 expression in the wing disk, especially the a All stocks from the l(1) T collection showing expression of the reporter gene in either ovaries, embryos, third instar larvae or a combination of, are listed by strain number. An asterisk in the first column indicates strains for which a significant proportion of male survivors with red eyes is recovered after each cross. A double asterisk in the embryonic expression column indicates mutant strains displaying embryonic lethality with recognizable cuticular defects. Mutant phenotype indicates strains where LacZ staining reveals tissue-specific defects. The predicted CG mutated is recalled in the second column. The expression patterns are described using a simple key-word nomenclature corresponding to the different tissues examined (see list below), sometimes followed by the specific stages when expression is observed. Embryonic and larval expression: SM, somatic mesoderm; MSC, somatic muscles; VM, visceral mesoderm; DV, dorsal vessel; CA, cardiac cells; RG, ring gland; FB, fat body; HE, hemocytes; GT, gut; PH, pharynx; ES, esophagus; PV, proventriculus; AMG, anterior midgut; PMG, posterior midgut; HG, hindgut; MP, Malpighian tubules; ICP, interstitial cell progenitors; AMGP, adult midgut progenitors; BC, basophilic cells; EP, epidermis; NGR, neurogenic region; OE, oenocytes; IGD, imaginal discs; PD, prothoracic disc; WGD, wing disc; HD, haltere disc; AP, anal pads; APO, apodemes; SG, salivary gland; AMS, amnioserosa; PNS, peripheral nervous system; SO, sensory organs; AMC, antennomaxillary complex; MD, multidentritic neurons; SNS, stomato nervous system; CNS, central nervous system; VNC, ventral nerve cord; GLC, glial cells; PNR, procephalic neuroectoderm; BR, brain; MEC, mesectoderm; VML, ventral midline; TT, tracheal tree; TP, tracheal placodes; PS, posterior spiracles; GO, gonads. Ovarian expression: NC, nurse cells; FC, follicle cells; DA, dorsal appendages; BC, border cells; G, germarium; DV, dorsoventral.
prospective notum and wing blade, is restricted to dorsal cells. l(1) T PG130 is inserted within the long terminal repeat of a yoyo transposon whose chromosomal location has not been determined; of four PG lethal insertions located within another transposable element, only l(1) T PG130 has been kept in our collection because of this expression. The lethality associated with PG insertions may also provide a direct assay for the function of the putative mutated gene, using UAS-cDNA constructs in phenotypic rescue experiments. This assay has been successfully used to verify and phenotypically characterize mutations in the moesin gene (Cedric Polesello and François Payre, personal communication).
Materials and methods
Dysgenic crosses and selection of X-linked lethal Pinsertions
Flies were grown on standard corn meal/agar medium at 258C. Two different P-element vectors were used: PlacW (Bier et al., 1989) and PGawB (Brand and Perrimon, 1993) (PL and PG strains). Before mutagenesis, the targeted Xchromosome was isogenized and selected for good viability and fertility in both males and females (y w (iso)). Cross 0: female y w(iso); CyO, Cy PlacW/Sp or y w (iso); CyO, Cy PGawB/Sp flies were crossed with y w (iso); TMS, Sb D2-3/ Dr Mio males. Cross 1: two dysgenic y w (iso); CyO, Cy P/1; TMS, Sb D2-3/1 female progeny (variegated eye color) were crossed in single vials with two males carrying the marked X balancer FM7, y w B. These females carried two isogenized X chromosomes, the mobile P element marked with mini-white and the transposase source. The progeny of each cross was examined daily during 5 days for [Cy 1 Sb 1 mini-white 1 B] virgin females harboring a transposed P element but lacking the starting P and transposase sources carried by the CyO, Cy and TMS, Sb chromosomes, and the B marker from the FM7 chromosome. To avoid mutation clustering, Cross 1 tubes were discarded once a single mini-w 1 , B virgin candidate female was recovered. Cross 2: candidate y w (iso) P?/FM7, y w B females were re-crossed with FM7, y w B males. The male progeny of this cross falls into three main classes: (i) new autosomal insertions produce B 1 males both with and without the miniw 1 marker; (ii) for viable X insertions, all B 1 males harbor the mini-w 1 marker; (iii) for lethal insertions in essential X loci, all males are FM7, y w B. In addition to fully lethal insertions, we also kept lines with clearly reduced male viability (few B 1 males compared to the FM7 reference chromosome; see Table 1 ). The mutant strains of our collection were designated l(1) T PL(1-110) or l(1) T PG(1-169), for PlacW and PGawB inserts, respectively. To ensure that newly induced recessive lethality was attributable to the new P insertion, the P elements in a number of lines were re-mobilized by the D2-3 transposase, including at least one l(1) T PL or l(1) T PG line for each gene for which no mutation had previously been described. Isolation of viable whiteeyed males among the progeny indicated that the P insertion was indeed the cause of lethality. Among 111 lines tested, 91 were successfully mobilized to generate fully viable males. In the other strains, we were unable to rescue lethality. Since these strains included both PL and PG lines, and were randomly distributed in the temporal order of their isolation, we conclude that most lethal mutations can be attributed to the P insertion.
Enhancer trap patterns
Each individual strain was stained for enhancer trap patterns in embryos and ovaries, and (in most cases) the imaginal discs of third instar larvae, as indicated in Table  2 . Embryonic and larval lacZ expression was detected using an antibody directed against b-galactosidase (Promega; 1/ 1000 dilution). Visual inspection of the LacZ patterns also served to identify major patterning and/or tissue differentiation defects. Alternatively, larval and adult patterns were detected by histochemical detection of b-galactosidase activity according to Yanicostas et al. (1995) . In cases of embryonic lethal or semi-lethal mutations, cuticle preparations of unhatched embryos were prepared as indicated in Wieschaus et al. (1994) .
Flanking sequence determination
Localization of inserts was accomplished via determination of genomic sequence flanking the insert and comparison with the whole genome sequence. Sequences flanking all P-element insertions in our collection were determined from either one or both ends by one of two methods, the plasmid rescue procedure (Pirrotta, 1986) and inverse polymerase chain reaction (PCR) (http://www.fruitfly.org/methods/).
Association with ESTs and CG numbers
Identification of nearby CGs was done by comparing the sequence flanking each P-insertion with the most recently annotated genomic DNA, using the BLAST software at BDGP. For most lines, the insertion was located within or close to the 5 0 -region of a predicted gene, allowing a straightforward link to a specific CG. In other, less direct cases, we searched for the possible existence of introns not previously annotated introns by looking at the structure of available ESTs sequenced at both ends and/or potential consensus acceptor splice sites located upstream of the proposed translation initiator ATG. In the cases of insertions located between two CGs transcribed from the same DNA strand, we considered that the CG located downstream of the P-insertion site was most likely to be the mutated gene. All details on the annotation of the l(1) T collection are available upon request to bourbon@cict.fr.
Stock distribution
At present, lines from the primary l(1) T collection are maintained at the Centre de Biologie du Développement in Toulouse and available upon request to cbd_dir@cict.fr. Strains corresponding to genes presently studied in our laboratories are indicated in bold in Table 1 . Return information from further study of any of the l(1) T stocks is very much welcome and should be forwarded for display on our website using the request procedure.
